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© Limited-slip differential control system. 

© A control system for controlling a differential 
limiting force of a limited slip differential of a vehicle 
includes a section for sensing a turning radius of the 
vehicle, a section for sensing a centripetal accelera- 
tion of the vehicle, and a controller section which 
increases an engagement force of a differential limit- 
ing clutch of the limited slip differential In accor- 
dance with the turning radius and the centripetal 
acceleration. 
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UMITED-SUP DIFFERENTIAL CONTROL SYSTEM 



REFERENCES TO RELATED APPLICATIONS 

* 

The following, commonly assigned, U.S. patent 
applications relate to limited-slip differentials. (1) 
Patent No. 4,670.463. (2) Serial No. unknown, cor- 
responding to Japanese patent application No.62- 
245685, Our ref. U056-88. (3) Serial No. unknown, 
corresponding to Japanese patent application No. 
62-245,684. Our ref. U059-88, (4) Serial No. un- 
known, corresponding to Japanese utility model 
applications Nos. 62-184485 and 62-169964. Our 
ref. U131-88, (5) Serial No. unknown, correspond- 
ing to Japanese patent applications Nos. 62- 
259038 and 82-312489, Our ref. U134-88. (6) Serial 
No. unknown, corresponding to Japanese patent 
application No. 62-249200. Our ref. U1 40-88, (7) 
Serial No. unknown, corresponding to Japanese 
patent application No. 62-255747, Our ref. U1 92-88. 



BACKGROUND OF THE 8NVENTION 

The present Invention relates to a differential 
limiting force control system for controlling a dif- 
ferential limiting force for limiting a differential ac- 
tion between right and left drive wheels of a vehicle 
by controlling en engagement force of a differential 
limiting clutch of a limited slip differential. More 
specifically, the present invention relates to a dif- 
ferential limiting force control system responsive to 
a turning radius and a centripetal acceleration of a 
vehicle. 

Japanese patent provisional publication No. 61- 
67629 discloses one conventional example. A con- 
trol system of this example is arranged to increase 
an engagement force of a differential limiting clutch 
as the vehicle speed Increases. Japanese patent 
provisional publication No. 61-102321 discloses an- 
other conventional control system, which is ar- 
ranged to senses an accelerating condition of a 
vehicle, and to increase a clutch engagement force 
of a differential limiting clutch In a rapid acceleration. 

However, these conventional control systems 
are unsatisfactory in that the clutch engagement 
force Is controlled in accordance with only the 
vehicle speed, or the condition of acceleration. If 
control characteristics are adapted to a high friction 
coefficient road condition so that the clutch en- 
gagement is made relatively strong, then these 
conventional systems tend to cause rear end swing 
of a vehicle by a steep increase of the differential 
limting force during driving on a low friction coeffi- 
cient road surface, and produce strong understeer 
at the time of "turn-in" during turn at a tight corner 



on a road surface of a low friction coefficient, if the 
control characteristics are adapted to a low friction 
coefficient road condition by making the clutch 
engagement force relatively weak, then the dif- 

s ferential limiting force becomes so low during driv- 
ing on a high friction coefficient road surface, that 
spin of an Inside wheel of the turn is increased 
remarkably, and the ability of acceleration during 
turn is degraded. 

to It is possible to adjust the control characteris- 
tics in accordance with the friction coefficient of a 
road surface. However, It is difficult to accurately 
sense the friction coefficient. 

Japanese patent application No. 61-217654 

is proposes a control system using a centripetal ac- 
celeration to adjust a control based on the vehicle 
speed and accelerating condition in such a manner 
that the differential limiting force is increased as 
the centripetal acceleration increases. However, 

20 this control system Is still unsatisfactory In the 
following points. In a high speed straight ahead 
operation, the vehicle speed Is high but the cen- 
tripetal acceleration is low. In such a situation, the 
differential limiting force is insufficient, so that the 

25 stability against side wind is poor. This system 
decreases the differential limiting force almost to 
zero in a low speed straight ahead operation. 
Therefore, this system tends to produce spin dur- 
ing driving on a split mu road having different 

so friction coefficients between a contact surface of 
the left wheels and a contact surface of the right 
wheels. 



35 SUMMARY OF THE INVENTION 

As shown In Fig. 1, a differential limiting force 
control system according to the present Invention 
comprises sensor means 1. controller means 2 and 

40 differential limiting clutch means 3. The clutch 
means is disposed between right and left drive 
wheels of a vehicle for varying a differential limiting 
force in accordance with a control sfngal. The sen- 
sor means comprises first sensing means 101 for 

45 determining a turning radius of the vehicle, and 
second sensing means 102 for sensing a centripe- 
tal acceleration of the vehicle. The controller means 
2 produces the control signal in accordance with 
slngals supplied from the sensor means 1. The 

60 controller means 2 is arranged to determine a 
command magnitude which increases as the turn- 
ing radius Increases and which increases as the 
centripetal acceleration increases. The command 
magnitude is represented by the control signal, and 
corresponds to the differential limiting force. 
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When the vehicle is in a straight ahead move- 
ment of a low or medium vehicle speed, the turning 
radius is Infinite, and the controller means 2 maxi- 
mizes the differential limiting force by increasing 
the command magnitude to a maximum. Therefore, 
the control system according to the present inven- 
tion enables the vehicle to safety negotiate a split 
mu road by increasing the differential limiting force. 
Thus, the present invention can improve the ve- 
hicle's ability of negotiating adverse road condi- 
tions. 

At an early stage of a turn at low or medium 
vehicle speeds, the turning radius is decreased 
with angular displacement of the steering wheel 
from a straight ahead position, and accordingly, the 
controller means 2 decreases the command mag- 
nitude toward zero. In this case, the centripetal 
acceleration remains within a tow and medium 
range. Thus, the control system of the present 
invention decreases the understeer tendency. 

At a late stage of a low or medium speed turn, 
the centripetal acceleration increases while the 
turning radius is held approximately constant. 
Therefore, the controller means 2 increases the 
command magnitude again, and improve the trac- 
tion ability during turn by preventing inside wheel 
spin and providing sufficient driving torque. 

The turning radius is infinite in a high speed 
straight ahead operation, and the centripetal accel- 
eration is very high in a high speed cornering 
operation. Therefore, the controller means 2 im- 
prove the stability of the vehicle at high speeds by 
increasing the differential limiting force. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic view showing a basic 
arrangement of a differential limiting force control 
system according to the present Invention. 

Fig. 2 is a schematic view of a rear wheel 
drive vehicle equipped with a differentia) limiting 
force control system of one embodiment of the 
Invention. 

Rg. 3 is a flowchart showing a control pro- 
cess performed by a controller of the control sys- 
tem of the embodiment. 

Rg. 4 is a graph showing a characteristic of 
a command magnitude, employed In the embodi- 
ment. 

Fig. 5 is a graph showing a characteristic 
between a centripetal acceleration and a turning 
radius. 

Rg. 6 is a graph showing another char- 
acteristic which can be employed In place of the 
characteristic of Fig. 4. 



Rg. 7 is a graph showing still another char- 
acteristic which can employed. 



5 DETAILED DESCRIPTION OF THE INVENTION 

One embodiment of the present invention is 
shown in Rgs. 2-4. 

AS shown in Rg. 2, a vehicle of this embodl- 

70 ment is a rear wheel drive vehicle. The vehicle 
includes an engine 10, a transmission 11, a propel- 
ler shaft 12, a differential 13, right and left drive 
shafts 14 and 15, right and left rear wheels 16 and 
17, and right and left front wheels 18 and 19. 

16 The differential 13 Includes a differential limit- 

ing clutch 20. In this embodiment, the differential 
limiting clurch 20 Is a multiple disc wet type friction 
clutch. An external oil pressure source 30 is con- 
nected through a control valve 31 to the differential 

20 limiting clutch 20. The control valve 31 is capable 
of varying an engagement force of the differential 
limiting clutch 20 by varying an oil pressure sup- 
plied to the clutch 20 in response to a control 
signal (i). A differential limiting force T between the 

25 right and left rear wheels 16 and 17 Is controlled 
by varying the engagement force of the differential 
limiting clutch 20. 

A sensor 33 is disposed near the front right 
wheel 18 for sensing a front right wheel rotational 

30 speed NFR. A sensor 34 is disposed near the front 
left wheel 19 for sensing a front left wheel rotational 
speed NFL. 

A controller 32 is an electronic control circuit 
for controlling the differential limiting force by pro- 
as duclng the control signal (i). The controller 32 is 
arranged to perform functions shown in Rg. 2. The 
controller 32 has an input circuit 320 for receiving 
the signals from the front wheel speed sensors 33 
and 34, a section 321 for calculating a centripetal 
40 acceleration Yg, a section 322 for calculating a 
turning radius R of the vehicle, a first function 
generator 323 for producing a first command signal 
representing a first command magnitude Ti which 
increases as the absolute value of the centripetal 
45 acceleration Yg increases, a second function gen- 
erator 324 for producing a second command signal 
representing a second command magnitude Tz 
which increases as the turning radius R increases, 
an adder 325 for determining a total command 
so magnitude Ttotal by adding the first and second 
command magnitudes Ti and T2 (T = T 2 + T2). 
and a valve driver circuit 326 for producing the 
control signal (i) corresponding to the total com- 
mand magnitude Ttotal. The controller 32 delivers 
65 the control signal (i) to the control valve 31. The 
control valve 31 increases the differential limiting 
force, that is the clutch engagement force of the 
differential limiting clutch 20, as the total command 
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magnitude Ttotal increases, and decreases the dif- 
ferential limiting force as Ttota» decreases. 

Fig. 3 is a flowchart showing a control process 
performed by the controller 32. 

At a step 100. the controller 32 reads the front 
right wheel speed NFR and the front left wheel 
speed NFL sensed by the sensors 33 and 34. 

Then, the controller 32 calculates the turning 
radius R at a step 101, and calculates the centripe- 
tal acceleration Yg at a step 102, by using the front 
right wheel speed IMFR and the front left wheel 
speed NFL The turning radius R and the centripe- 
tal acceleration Yg are obtained by using the fol- 
lowing equations. 

V = {(NFL + NFRV2}/r 

£ » K1#|NFL • NFR| 

R = v4 

= K2»|(NFL + NFR)/(NFL - NFR)| 
Yg = WR 

« K3.|(NFL + NFR) x (NFL - NFR)| 

In these equations, V Is a vehicle speed, * is a yaw 
rate of the vehicle, K1,K2 and K3 are proportional 
constants which are determined by the specifica- 
tions of the vehicle, and r is a tire radius. 

At a step 103, the controller 32 determines the 
first command magnitude Ti from the centripetal 
acceleration Yg obtained at the step 102, and de- 
termines the second command magnitude T2 from 
the turning radius R obtained at the step 101. The 
first command magnitude Ti is determined accord- 
ing to a predertimed characteristic function in 
which the first command magnitude Ti increases 
as the absolute value of the centripetal acceleration 
Yg increases. The second command magnitude Tz 
is determined according to a predetermined char- 
acteristic function In which the second command 
magnitude T2 increases as the turning radius R 
increases. In this embodiment, the first command 
magnitude Ti is proportional to the absolute value 
of the centripetal acceleration Yg, and the second 
command magnitude T 2 is proportional to the turn- 
ing radius R. 

At a step 1 04, the controller 32 determines the 
total command magnitude Ttotal by adding the first 
command quantity Ti and the second command 
quantity T 2 (Ttotal = Ti + T 2 ). 

At a step 105, the controller 32 delivers the 
control signal 0) representing the total command 
magnitude T, to the control valve 31. Thus, the 
engagement force of the differential limiting clutch 
20 is controlled so as to obtain the differential 



limiting force equal to the total command quantity 
Ttotal. 

In this way, the controller 32 varies the total 
command magnitude in accordance with the cen- 
5 tripetal acceleration Yg and the turning radius R, as 
shown in Fig. 4. In a graph of Fig. 5, the turning 
radius R is expressed along an x-axls, the centripe- 
tal acceleration Yg is expressed along a y-axis, and 
the vehicle speed is taken as a prameter. 
to The control system is operated as follows: 

When the vehicle is In a straight ahead move- 
ment of a low or medium vehicle speed: In this 
case, the turning radius R is infinite because of the 
straight ahead operation, and according the con- 
re trailer 32 produces the control signal (i) to Increase 
the differential limiting force T to a maximum. 
Therefore, even on a split mu road having different 
friction coefficients under the right and left wheels, 
the control system ensures safe and stable opera- 
20 tion by limiting the dlfferentional action between the 
right and left wheels 16 and 17 as in a differential 
lock state. 

When the vehicle is In a turning movement of a 
low or medium vehicle speed: At an early stage of 

26 a turning movement of a low or medium vehicle 
speed, the turning radius R is decreased as the 
steering wheel Is turned away from the straight 
ahead position, and the controller 32 produces the 
control signal (i) to make the differential limiting 

30 force T closer to zero, or reduce the differential 
limiting force T to zero. For example, the total 
command magnitude Ttotal is decreased toward 
zero, from 4 to 3, then from 3 to 2, and so on. At 
mis stage, the centripetal acceleration Yg is not 

35 high, but remains within a low or medium range. In 
this way, the control system decreases the ten- 
dency to understeer. 

At a later stage of the low or medium speed 
turning movement, the turning radius R is held 

40 approximately constant, but the centripetal accel- 
eration Yg increases. Therefore, the control system 
increases the differential limiting force T again. For 
example, the total command magnitude Ttotal is 
incresed from zero to 1, from 1 to 2, and so on. At 

45 the later stage of a turn, the control system prevent 
spin of the inside wheel by Increasing the differen- 
tial limiting force, and Improve the traction ability 
during turn. 

When the vehicle speed Is high: The turning 
so radius R becomes infinitely great when the vehicle 
is in a high speed straight ahead movement, and 
the centripetal acceleration Yg becomes very high 
when the vehicle is in a turning movement of a 
high vehicle speed, in either case, the controller 32 
55 makes the differential limiting force high when the 
vehicle speed is high. For example, the controller 
32 produces the control signal (!) corresponding to 
the total command magnitude equal to 4. 



4 



7 



EP 0 318 688 A1 



8 



Therefore, the control system ensures the ve- 
hicle stability against disturbance such as a cross 
wind during straight ahead high speed operation, 
with the high differential limiting force. During a 
high speed turn, the control system Increases the 
tendency to understeer by producing a moment 
toward understeer with the differential limiting 
force, so that stable cornering behavior is obtained. 

It is optional to employ a characteristic shown 
In Rg. 6, or a characteristic shown In Fig. 7. In 
place of the characteristic shown In Rg. 4. In the 
case of Rg. 6, the command magnitude is deter- 
mined by using concentric circles having a com- 
mon center lying on the origin. For example, the 
control system is arranged to determine the com- 
mand magnitude in accordance with the turning 
radius R and the centripetal acceleration Yg so that 
the command magnitude is increased in proportion 
to a distance In a two dlmentiona! coordinate sys- 
tem, from a predetermined fixed point, such as the 
origin, to a point whose x coordinate is equal to a 
value obtained by multiplying the turning radius by 
a predetermined constant, and whose y coordinate 
is equal to a value obtained by multiplying the 
centripetal acceleration by a predetermined con- 
stant With the characteristic of Fig. 6. the control 
system can prevent the command maginitude from 
being increased by the vehicle speed when the 
vehicle speed is low or medium and the centripetal 
acceleration Yg is high. Similar effects are obtained 
by employing the characteristic of Fig. 7. In the 
characteristic of Rg. 7, each line Is flat In a region 
in which the turning radius R is small, and the 
centripetal acceleration Yg is high. 

It is possible to determine the turning radius 
from a steering angle by using a sensor for sensing 
the steering angle, instead of the turning radius 
sensing means of this embodiment. Furthermore, it 
is possible to determine the centripetal acceleration 
by using a sensor directly sensing the centripetal 
acceleration. Alternatively, it is possible to calculate 
the centripetal acceleration from the vehicle speed 
and the turning radius. 



Claims 

1. A differential limiting force control system 
comprising; 

clutch means disposed between right and left drive 
wheels of a vehicle for varying a differential limiting 
force between the right and left drive wheels In 
accordance with a control signal, 
sensor means comprising means for determining a 
turning radius of the vehicle, and means tor deter- 
mining a centripetal acceleration of the vehicle, and 
controller means for producing said control signal 
In accordance with signals sent from said sensor 



means, said controller means determining a com- 
mand magnitude which increases as said turning 
radius increases, and which increases as said cen- 
tripetal acceleration increases, 
s 2. A control system according to Claim 1 

wherein said controller means comprises first func- 
tion generating means for determining a first com- 
mand signal whose magnitude increases as an 
absolute value of said centripetal acceleration in- 
to creases, and second function generating means for 
producing a second command signal whose mag- 
nitude Increases as said turning radius increases. 

3. A control system according to Claim 2 
wherein said controller means further comprises 

15 adding means for determining said command mag- 
nitude by adding said first and second command 
signals. 

4. A control system according to Claim 3 
wherein the magnitude of said first command sig- 

20 nal is proportional to the absolute value of said 
centripetal acceleration, and the magnitude of said 
second command signal is proportional to said 
turning radius. 

5. A control system according to Claim 4 
25 wherein said sensor means comprises a front right 

wheel speed sensor for sensing a front right wheel 
rotational speed of the vehicle, and a front left 
wheel speed sensor for sensing a front left wheel 
rotational speed of the vehicle, first calculating 

30 means for calculating said centripetal acceleration 
from said front right wheel speed end said front left 
wheel speed, and second calculating means for 
calcglating said turning radius from said front right 
wheel speed and said front left wheel speed. 

35 6. A control system according to Claim 5 

wherein said drive wheels are rear wheels of the 
vehicle. 
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